The ZnO-based metal-insulator-semiconductor ͑MIS͒ diode was fabricated by using an insulator ZnO layer and an n-ZnO layer grown by radio frequency magnetron sputtering. The current-voltage of the ZnO MIS diodes showed a good diode characteristic with a threshold voltage of 8.9 V and a band-edge emission at 380 nm at room temperature. The electroluminescence emission of ZnO MIS was attributed to the generation of holes in the insulating ZnO layer at the high threshold voltage of 8.9 V via an impact ionization process. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2786603͔
The ZnO-based metal-insulator-semiconductor ͑MIS͒ diode was fabricated by using an insulator ZnO layer and an n-ZnO layer grown by radio frequency magnetron sputtering. The current-voltage of the ZnO MIS diodes showed a good diode characteristic with a threshold voltage of 8.9 V and a band-edge emission at 380 nm at room temperature. The electroluminescence emission of ZnO MIS was attributed to the generation of holes in the insulating ZnO layer at the high threshold voltage of 8.9 V via an impact ionization process. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2786603͔
ZnO is an interesting material that can be used for blue/UV light-emitting diodes ͑LEDs͒. The advantages of ZnO over the III-nitride semiconductors are large exciton binding energy, availability of high quality bulk substrates, and ease of wet etching.
1-3 A number of studies have reported the development of heterojunction LEDs using n-ZnO deposited on p-type layers of GaN, AlGaN, conducting oxides, or p-ZnO deposited on a n-type layer of GaN.
4-8 Recently, homojunction ZnO LEDs were also developed by Tsukazaki et al., who used temperature modulation epitaxy for N-doped p-ZnO and fabricated a p-ZnO / i-ZnO / n-ZnO LED on a ScAlMgO 4 substrate. 9, 10 Ryu et al. reported on a homojunction ZnO LED that employed a BeZnO / ZnO active layer between an As-doped p-ZnO layer and a n-ZnO layer. 11 Lim et al. also reported on the operation of a UVlight-emitting ZnO homojunction LED produced by growing a P-doped p-ZnO layer on a Ga-doped n-ZnO layer. 12 The ZnO LED with a P-doped p-ZnO layer emitted 380 nm UVlight at room temperature and showed clear rectification with a low threshold voltage of 3.2 V. 12 On the other hand, instead of developing p-n junction LEDs, a number of researchers have investigated a light-emitting metal-insulatorsemiconductor ͑MIS͒ structure that consisted of an insulating ZnO layer, which was produced by the implantation of N + on the ZnO layer, or by using an insulating layer such as SiO 2 deposited on the n-ZnO. 13, 14 In the case of the N + implanted ZnO layer, it was reported that the surface of ZnO was damaged by ion implantation, due to the ions with high acceleration energy and a band-edge emission was not observed. 13 When a SiO 2 layer was used as an insulating layer, many defects were also produced at the interface between SiO 2 and ZnO due to a large difference in lattice constant and structure, 15 resulting in a high leakage current under forward and reverse bias conditions. 14 These results indicate that the performance of MIS devices is strongly affected by structural damage and defects in the insulating layers. This study reports on a homojunction ZnO-based light-emitting MIS diode, which consists of an insulating ZnO layer and a n-ZnO grown by radio frequency ͑rf͒-magnetron sputtering. The measurement of current-voltage ͑I-V͒ and the electroluminescence ͑EL͒ spectra of the MIS diodes showed good diode characteristics, a low leakage current under a reverse bias condition, and a band-edge emission of ZnO under a forward bias condition at room temperature. The mechanism for EL emission was most likely due to the creation of holes by impact ionization in the MIS diode.
A schematic diagram of the ZnO-based MIS diode is shown in Fig. 1 . A Ga-doped n-ZnO layer was grown on a sapphire substrate by rf-magnetron sputtering using a ZnO target mixed with 1 wt % Ga 2 O 3 . A phosphorus ͑P͒-doped insulating ZnO ͑i-ZnO͒ layer was grown on the n-ZnO film by rf-magnetron sputtering using a ZnO target mixed with 1 wt % P 2 O 5 . A mixture of Ar and O 2 with a gas flow ratio of 1:3 was used as a plasma source gas to deposit the Ga-doped n-ZnO films and P-doped i-ZnO films. The Ga-doped n-ZnO films, with a thickness of 1.5 m, and P-doped i-ZnO films, with a thickness of 0.3 m, were deposited at temperatures of 700 and 500°C, respectively. Figure 2 showed the secondary ion mass spectrometry ͑SIMS͒ profiles of Ga and P dopant atoms in the i-ZnO and n-ZnO films. The SIMS profiles of Ga and P atoms showed that the Ga and P atoms are uniformly distributed in the i-ZnO and n-ZnO films, respectively, and Ga atoms are not substantially diffused into i-ZnO films during the growth of i-ZnO on n-ZnO. The electrical properties of the n-ZnO and i-ZnO films were examined at room temperature by Hall effect measurement using the van der Pauw configuration. The electron carrier concentration and mobility of n-ZnO films were 1. films was too high to be measured by Hall effect measurement, indicating that the resistivity is higher than 10 6 ⍀ cm. It was previously reported that the P-doped ZnO films grown by rf-magnetron sputtering using a ZnO target mixed with P 2 O 5 as a phosphorus source normally showed insulating properties with high resistivity ͑ജ10 6 ⍀ cm͒, and they could be converted into p-ZnO by postthermal annealing at a temperature above 800°C in a N 2 ambient. [16] [17] [18] Figure 3 shows x-ray diffraction ͑XRD͒ data of −2 and rocking scan spectra of n-ZnO and i-ZnO films. A ͑002͒ peak ͑near 34.4°͒ was observed from the n-ZnO and i-ZnO films and the peaks corresponding to other planes were not detected, as shown in Fig. 3͑a͒ . This indicates that the ZnO films were grown on sapphire ͑001͒ at highly c-axis orientation. The crystallinity of the n-ZnO and i-ZnO films was characterized by ͑002͒ rocking scanning. It has been known that the full width at half maximum ͑FWHM͒ of x-ray rocking curve of the ͑002͒ plane are sensitive to screw and mixed dislocations. 19 Figure 3͑b͒ shows the rocking curve for the n-ZnO and i-ZnO films, exhibiting a FWHM of 0.09°and 0.39°, respectively. These results indicate that the n-ZnO films grown on the sapphire substrate have a high crystallinity and a low discocation density compared to i-ZnO films.
The photoluminescence ͑PL͒ spectra of the i-ZnO and n-ZnO films observed at room temperature are shown in Fig.  4 . The PL spectrum of i-ZnO showed a weak band-edge emission peak at 380 nm and a broad deep level emission peak at 550 nm. The deep level emission is known to be related to a variety of defect such as donor defect Zn interstitial ͑Zn I ͒, O vacancies ͑V O ͒, acceptor defect Zn vacancies ͑V Zn ͒, and antisite defect O substitutional Zn ͑O Zn ͒ due to the poor stoichiometry of ZnO. 20, 21 The PL spectrum of the n-ZnO film showed an intense near-band-edge emission at 378 nm, which can be attributed to a transition from the valence band to a shallow Ga donor level. 22 A MIS ZnO LED with a size of 300ϫ 300 m 2 was fabricated using a 1% HCl aqueous solution to etch the i-ZnO layer to expose the n-ZnO layer for the n electrode. Ohmic contacts to the n-ZnO and i-ZnO consisted of Ti/ Au ͑30/ 80 nm͒ and NiO / Au ͑30/ 80 nm͒, respectively. The metal layers were deposited by electron beam evaporation. PL measurements of the i-ZnO and n-ZnO layers were performed at room temperature using a He-Cd laser operating at 325 nm. The I-V curves and EL spectra of the i-ZnO / n-ZnO MIS LED were measured using a semiconductor parameter analyzer ͑HP 4155 A͒ and UV-vis spectrometer ͑USB 2000-UV-VIS Fiber Optic Spectrometer͒. Figure 5 shows the I-V characteristics of the ZnO MIS diodes at room temperature. As shown in Fig. 5 , the I-V curve of the i-ZnO / n-ZnO MIS LED showed good diode characteristics with a high threshold voltage of 8.9 V and a low leakage current of 7. 
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Hwang et al. Appl. Phys. Lett. 91, 121113 ͑2007͒ ϫ 10 −6 A. The low leakage current indicates that the homojunction MIS LED has a good interface, high crystal quality, and better device performance compared to the heterojunction MIS LED with SiO 2 insulator layer which shows high leakage current under forward and reverse bias conditions. 14 The inset of Fig. 5 shows the I-V characteristics of the Ti/ Au and NiO / Au metal contacts on the n-ZnO and i-ZnO films, respectively, indicating that good Ohmic contacts were formed on the n-ZnO and the i-ZnO electrode. These results showed that the rectifying characteristics shown in Fig. 5 were due to the MIS structure of the i-ZnO / n -ZnO LED and not to the ZnO/metal contacts. The high threshold voltage of 8.9 V is also a typical electrical characteristic of MIS structure, since MIS structure uses an insulating semiconductor barrier layer where holes can be produced by impact ionization at a high bias voltage and they tunnel into semiconductor layers. 13, 14 When the i-ZnO layer was positively biased with respect to the n-ZnO region, EL emission was observed on the ZnO MIS structure. The EL emission spectrum observed at an input current of 40 mA shows a band-edge emission peak at 380 nm and a deep level emission peaks at around 550 nm, as shown in Fig. 6 . This result indicates that the homojunction MIS LED can show better EL emission compared to the implanted MIS LED which shows only deep level emission due to surface damage. 13 For EL emission, the electrons are believed to first tunnel from the conduction band of n-ZnO to the conduction band of i-ZnO. Then the electrons having sufficiently high energy impact and ionize the lattice in the i-ZnO where the electron and hole pairs are created by impact ionization and recombined to emit EL light in the ZnO MIS.
13,23 A comparison of deep-level emission on the EL spectrum of the ZnO MIS LED with those on the PL spectra of i-ZnO and n-ZnO layers indicates that the EL emission comes mostly from the i-ZnO layer of the ZnO MIS LED.
In summary, we characterized the homojunction i-ZnO / n -ZnO MIS LED fabricated on a c-plane sapphire substrate. The ZnO MIS LED showed a good diode characteristic and EL emission peaks at 380 and 550 nm from the i-ZnO grown on n-ZnO. The ZnO MIS diode showed a high threshold voltage of 8.9 V due to the presence of i-ZnO where holes are produced by impact ionization. 
